Abstract − Polyaniline modified graphene oxide (PANI/GO) composites were synthesized by dilute polymerization technique and were characterized by Fourier transformed infrared spectroscopy (FTIR), Raman spectroscopy, and scanning electron microscopy (SEM). The characterization results indicated that polyaniline molecules were successfully grafted on GO surfaces. The application of PANI/GO composites to the adsorption of heavy metals from aqueous solutions was investigated under ambient conditions. The maximum adsorption capacities of Co(II), Ni(II), Pb(II) and U(VI) ions on PANI/GO composites calculated from Langmuir models are 22.28, 25.67, 65.40 and 1552.31 mg/g, respectively. The excellent adsorption capacity suggests that PANI/GO composites can be applied as a promising adsorbent in heavy metal pollution cleanup in environmental pollution management.
Introduction
With industrial development, more and more wastewaters containing heavy metals are discharged into soils, rivers, lakes and other natural environment. These heavy metals are highly toxic and are non-degradable in the natural environment. These elements may be accumulated by living organisms such as vegetables, crops, and fish, and at last may enter into the food chain. Therefore, the removal of toxic heavy metals relates closely to their mobility and bioavailability, and plays a key role in relieving their threat to animals and human beings. There have been growing concerns throughout the world related to the discharge of heavy metals [1] . A variety of methods are being used to remove heavy metals, such as precipitation [2] , exchange resins [3] , biotechnology [4] , membrane processes [5] and adsorption methods [6] [7] [8] [9] . Among these, adsorption is considered to be economical and eco-friendly.
Polyaniline (PANI), a widely studied conducting polymer, has been used in various fields including electrochromic devices, sensors and rechargeable batteries for its good combination of properties, low cost, environmental stability and ease of synthesis [10] [11] [12] [13] [14] . There are amounts of amine and imine functional groups in PANI, which not only can chelate cationic metal ions, but also have a strong affinity with heavy metal ions. Therefore, PANI can be used as a base material to remove toxic heavy metals from aqueous solutions. For instance, a great deal of attention has been focused on adsorbents which contain various amino and/or imine groups (such as amidoxime groups) to remove heavy metals from aqueous solutions. However, in site polymerization of aniline onto the surface of other materials is often adopted, for bare PANI particles are easily aggregated in aqueous solutions, which results in low adsorption capacity and slow kinetics [15] . As one of the most important carbon family members, graphene oxide (GO) nanosheets contain a large number of reactive oxygencontaining functional groups and high surface area which render them a good candidate for supporting other functional nanomaterials [16, 17] . Therefore, combining PANI (as an excellent electron donor) with GO (as a good electron acceptor) through electrostatic interaction could be a proper way to solve the problem and might have an excellent adsorption capacity in the adsorption of heavy metals from large volumes of aqueous solutions.
Herein, taking advantage of PANI and the hydrophilic nature of GO, we report simple and novel composites of conducting PANI arrays grown vertically on GO surfaces. The objectives of our study were (1) to synthesize PANI/GO composites and to characterize the synthesized composites by FT-IR, Raman spectroscopy and SEM; (2) to investigate the adsorption of Co(II), Ni(II), Pb(II) and U(VI) on PANI/GO composites as a function of contact time, adsorbent content and pH by batch technique; (3) to study the adsorption process with proper adsorption kinetics and adsorption isotherm models; and (4) to evaluate the possible application of PANI/GO composites in environmental pollution cleanup.
Experimental section

2-1. Preparation of water-soluble, few-layered graphene oxide (GO) nanosheets
Graphene oxide was prepared through modified Hummers method from flake graphite (average particle diameter of 4 um, 99.95% purity). In brief, 1.5 g of NaNO 3 (A.R.) and 2.0 g of graphite were placed in a flask. Then, 150 mL of H 2 SO 4 (A.R.) was added in an ice-water bath with stirring, and 9.0 g of KMnO 4 (A.R.) was added over about 2 h. Stirring was continued for 2 h in the ice-water bath. 280 mL of 5 wt.% H 2 SO 4 aqueous solution was added over about 1 h with stirring after the mixture was stirred for five days under room temperature, and the temperature was kept at 98 o C. The resultant mixture was further stirred for 2 h at 98 o C. Then the temperature was reduced to 60 o C, 6.0 mL of H 2 O 2 (30 wt% aqueous solution) was added, and the mixture was stirred for 2 h under room temperature. To remove the oxidant ions and other inorganic impurity, the obtained mixture was purified by repeating the following procedure cycle 25 times: centrifugation, removal of the supernatant liquid, addition of 0.8 L of a mixed aqueous solution of 0.5 wt% H 2 O 2 /3 wt% H 2 SO 4 to the bottom solid, and dispersing the solid using continual stirring and bath ultrasonication for 30 min at a power of 140 W. Then a semblable procedure was repeated: three times using 3 wt% HCl aqueous solution (0.8 L) and one time using H 2 O (0.8 L). The final resultant water solution was centrifuged, and then sample was washed with Milli-Q water until the solution was neutral. The desired products were dried in a vacuum tank at room temperature.
2-2. Preparation of PANI/GO composites PANI/GO composites were synthesized by dilute polymerization in the presence of GO and aniline monomer. A schematic of the synthesis of PANI/GO composites is shown in Fig. 1 . First, 15 mL GO aqueous solution (containing 100 mg of GO) was added into 160 mL of 1 mol/L HClO 4 ethanol solution, and the mixture was ultrasonicated until the GO was fully dispersed. Then aniline monomer was added into the above solution and stirred for 30 min at -20 
2-3. Adsorption experiments
The adsorption of Co(II), Ni(II), Pb(II) and U(VI) on PANI/GO composites was carried out at T = 25 ± 1 o C in polyethylene centrifuge tubes using batch techniques. The suspensions of PANI/GO composites and a known volume of Co(
and UO 2 (NO 3 ) 2 ·6H 2 O solutions were mixed in polyethylene centrifuge tubes. And pH of the suspensions was adjusted to the desired value by adding negligible amount of 0.1 or 0.01mol·L
HClO 4 and NaOH solutions. After adsorption equilibrium, the solid phases were separated from the liquid phase by centrifugation at 18000 rpm for 30 min at 25 o C. The heavy metals were determined by atomic absorption spectrophotometry. The adsorption percent (%) of heavy metals on PANI/GO composites was calculated from the difference between the initial concentration (C 0 ) and the equilibrium one (C e ) Adsorption% = *100 (1) where C 0 is the initial concentration (mg/L), Ce is the equilibrium concentration (mg /L).
2-4. Characterizations
FT-IR spectra of the PANI/GO composites were taken on a Bruker EQUINOX55 spectrometer (Nexus) in KBr pellet at room temperature. Raman spectroscopy analyses of the samples were mounted by using a LabRam HR Raman spectrometry at the excitation of 514.5 nm by Ar + laser. SEM images were obtained with a JSM-6320F FE-SEM (JEOL) and a JEM-2010 (JEOL).
Results and Discussion
3-1. Characterization of PANI/GO composites
The FT-IR spectra of GO, PANI and PANI/GO are shown in Fig. 2 . The absorption peaks of GO at 1080, 1230, 1405, 1623, 1730 and 3410 cm -1 are attributed to the OH, C=O in COOH, aromatic C=C, carboxy CO, epoxy CO and alkoxy CO stretches, respectively. Compared to GO, the FTIR spectrum of PANI/GO composites shows due to the existence of PANI nanorods.
As shown in Fig. 3 , the Raman spectrum of GO displays two prominent peaks at 1371 and 1623 cm -1 , corresponding to the welldocumented D and G bands, respectively [18] [19] [20] . For the Raman spectrum of PANI/GO composites, apart from the D and G bands of GO, three new representative peaks arising from PANI can be indexed at 1512, 1180, and 824 cm -1 , which correspond to C=C stretching vibration of the quinoid ring, C-H bending of the quinoid ring and substituted benzene ring deformation, respectively [21] . The new peaks also indicate the generation of PANI on the surfaces of GO. The results of Raman analysis are in good agreement with those of FT-IR spectra analysis.
The SEM images of PANI/GO composites are shown in Fig. 4 . It is found that bare GO nanosheets are easily held together into agglomerates. Unlike the bare GO nanosheets, the PANI/GO composites do not form the stacking structure but show a free-standing sheet-like morphology with a thickness. After decoration with PANI, the surface of GO nanosheets becomes rough and many PANI nanorods are uniformly covered on GO nanosheets, indicating that the nucleation and growth processes only occurred on the surface of GO nanosheets. This can be attributed to oxygen-containing functional groups on the surface of GO nanosheets, which not only make GO nanosheets disperse in aqueous solution easily, but also may act as the nucleation sites for PANI decoration. The pseudo-second-order rate equation has been widely used to characterize adsorption kinetics. The model is rate equation based on adsorption capacity rather than solution concentration. The pseudo-second-order rate equation is expressed as [22] : (2) where q t (mg/g) is the amount of metals adsorbed on PANI/GO composites at a certain time t, and q e (mg/g) represents the amount of heavy metals adsorbed at equilibrium. k′ (g/(mg·h)) is the reaction constant of pseudo-second-order kinetics. A linear plot of t/q t versus t is shown in Fig. 6 . The k′ and q e values counting from the intercept and slope of the linear plot of t/q t versus t are shown in Table 1 , respectively. All the correlation coefficients (R 2 ) were higher than 0.990, indicating good fit of the experimental data by the pseudo-second-order rate equation.
3-3-2. Effect of adsorbent content
The adsorbent content is an important factor in the adsorption process. The effect of variation of adsorbent content on the adsorption of four different heavy metals on PANI/GO composites is shown in Fig. 7 . The adsorption percentage of each heavy metals increases with increasing adsorbent content. With increasing adsorbent content, more surface sites are available to bind metals at the surfaces of PANI/GO composites. Thereby, more metal ions are adsorbed on PANI/GO composites at high adsorbent content. Figure 8 shows the pH dependence of Co(II), Ni(II), Pb(II) and U(VI) on PANI/GO composites as a function of pH in 0.1 M NaCl solutions, respectively. It is obvious that the pH of the solution plays an important role on the adsorption of heavy metals on adsorbent. As shown in Fig. 8A , the adsorption curve of Co(II) on PANI/ GO composites can be divided into three regions. The adsorption of Co(II) increases gradually from 8% to 30% as the pH increases from 3.0 to 6.0, then increases sharply from 30% to a maximum value of 90% with pH increasing from 6.0 to 9.0, and at last maintains a high level at pH > 9.0. At low pH values, the surface charge of PANI/GO composites is positive. The ion exchange between Co(II) and H + /Na + on the surfaces of PANI/GO composites can lead the adsorption. At high pH values, the surface of the adsorbent is negatively charged; thereby, it is easy for the positively charged Co(II) to be adsorbed on the negatively charged PANI/GO composites. The adsorption of Ni(II) on PANI/GO composites as a function of pH is shown in Fig. 8B . It is clear that the curve of Ni(II) adsorption on PANI/GO composites is quite similar to Co(II) adsorption. The adsorption curve of Ni(II) on PANI/GO composites can also be divided into three regions. The adsorption of Ni(II) increases gradually from about 5% to 40% as the pH increases from 3.0 to 6.0, then increases sharply from 40% to a maximum value of about 100% with pH increasing from 6.0 to 9.0, and then maintains the high level with pH increasing at pH > 9.0. The results are consistent with the adsorption of Ni(II) on MnO 2 [23] and on oxidized multi-walled carbon nanotubes [24] . It can be seen from Fig. 8C that the adsorption of Pb(II) on PANI/GO composites increases very quickly from 22% to 90% at pH range of 3.0~7.0, remains at a high level as the pH increases from 7.0 to 9.5, and then decreases steeply at pH values higher than 9.5. The surface charge of PANI/GO composites is positive at low species at pH > 9.5, which is less adsorbed on the negatively charged PANI/GO composites surface and results in the decrease of Pb(II) adsorption. Yang et al. [25] reported similar adsorption behaviors of Pb(II) on NKF-6 zeolite. As can be seen from Fig. 8D , the adsorption of U(VI) on PANI/ GO composites increases from 10 % to 98 % at pH range of 2.0 to 8.0. The strong pH-dependent adsorption of PANI/GO suggests that the adsorption of U(VI) on PANI/GO composites is related to the hydrolysis of U(VI) in aqueous solutions. Kowal-Fouchard et al. [26] reported similar adsorption behavior of U(VI) on montmorillonite, and they ascribed it to the existing forms of U(VI) in solution at different pH values and at different U(VI) concentrations. Shao et al. [27] also found that the adsorption property of U(VI) on carboxymethyl cellulose modified carbon nanotubes as a function of pH value in solution was consistent with the change of existing forms of U(VI).
3-2-3. Effect of pH
3-2-4. Adsorption isotherms
The adsorption isotherms of Co(II), Ni(II), Pb(II) and U(VI) on PANI/GO composites and PANI are presented in Fig. 9 and Fig. 10 separately. To get a good understanding of the mechanisms and to quantify the adsorption data, Langmuir and Freundlich models are applied to fit the adsorption isotherms and simulate the experimental data.
The Langmuir equation can be expressed as shown below [28] : (3) Or in the line form:
The Freundlich isotherm model is an experimental model that is expressed by the following formula [29] : (5) Or in the line form:
where C e is the equilibrium concentration of heavy metals in the supernatant (mg/L); C s is the amount of heavy metals adsorbed on per weight of PANI/GO composites (mg/g) after equilibrium; C s max is the maximum adsorption capacity of heavy metals on per weight of PANI/GO composites (mg/g); and b represents the Langmuir adsorption constant (L/mg). The Freundlich constant k is correlated to the relative adsorption capacity of heavy metals (mg/g), and 1/n is the adsorption intensity. The experimental data gained from adsorption isotherms for Co(II), Ni(II), Pb(II) and U(VI) on PANI/GO composites were regressively simulated with the Langmuir and Freundlich isotherm models. The relative parameters calculated from the two models are listed in Table 2 . The higher correlation coefficient (R) of Langmuir model indicates the adsorption data were better fitted by the Langmuir model rather than by the Freundlich model, suggesting that the adsorption of heavy metals on PANI/GO composites is almost complete monolayer. What's more, PANI/GO composites have a limited adsorption capacity; thus the adsorption could be better described by Langmuir model rather than by Freundlich model, since an exponentially increasing adsorption capacity was assumed in the Freundlich model [30] .
The results are in common with other adsorption processes [6, 7, [24] [25] [26] .
3-2-5. Comparison of adsorption capacity for different heavy metals A comparison of maximum adsorption capacity for different heavy metals is presented in Fig. 11 . The adsorption capacity of U(VI) is much higher than those of Ni(II), Co(II) and Pb(II). The Cs max values shown in Table 2 also prove the fact. Sun's work [31] shows that the adsorption of U(VI) by nitrogen-and oxygen-containing functional groups (e.g., imine, amine, protonated amine, hydroxyl, and carboxyl group) of PANI/GO composites is formed, and that U(VI) can hardly be extracted from nitrogen-containing functional groups. Therefore, the chemical affinity of U(VI) for nitrogen-containing functional groups is stronger than that for oxygen-containing functional groups. What's more, the maximum adsorption capacity for different heavy metals on PANI/GO composites is much higher than that on PANI. The PANI/GO composites exhibit a hierarchical structure and large surface area, and the presence of PANI prevents the stacking between the GO sheets and provides more functional groups. Therefore, PANI/GO composites are expected to have more adsorption sites for the binding of heavy metal ions and result in superb removal ability.
3-2-6. Comparison of U(VI) adsorption capacity with other sorbents
The maximum U(VI) adsorption capacity of PANI/GO composites calculated from the Langmuir model equation was compared with other adsorbents reported in previous studies and was compiled in Table 3 . To our best knowledge, the maximum adsorption capacities of reported most adsorbents for U(VI) still cannot achieve 1000 mg/g. One can see that the adsorption capability of the PANI/ GO composites approaches 1552.31 mg/g for U(VI), which is much higher than other sorbents. It indicates that PANI/GO composites are very suitable materials in the extraction and separation of U(VI) from large volumes of aqueous solutions. The high adsorption capacity of PANI/GO composites makes PANI/GO composites an attractive sorbent for the removal of heavy metals, especially U(VI) from large volumes of aqueous solutions in heavy metals pollution cleanup.
Conclusions
We have developed a simple and novel method for the synthesis of hierarchical PANI/GO composites using 1D (uniform aligned PANI nanorods) and 2D (GO nanosheets) nanocomponents by dilute polymerization. The PANI/GO composites were synthesized and characterized by FT-IR, Raman spectroscopy and SEM. The characterization results indicate that PANI can be modified on GO surface successfully. The batch adsorption results show that PANI/ GO composites present very high adsorption capacities for heavy metals, especially for U(VI) from a large volume of aqueous solutions. And PANI/GO composites can be used as one of the most promising adsorbents for the removal of heavy metals from large volumes of aqueous solutions.
